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INTRODUCTION 
The purpose of a national sire evaluation program is to provide the 
beef industry with Expected Progeny Difference (EPD) values on bulls. 
Such a program should be conducted so that a large number of sires can be 
compared on the performance of their progeny. Within a breed, a sire 
evaluation program can do the following: 
1) identify a top percentage of superior sires, 
2) through artificial insemination, produce many progeny of these 
sires across the nation, 
3) serve as an educational tool for promoting performance and 
4) serve as a promotional tool for individual breeders. 
In the beef cattle Industry, national sire evaluation Is another step 
forward in a series of accepted ideas concerning the improvement of the 
economically Important traits. The Beef Improvement Federation (BIP), in 
Its short history since 1968, has helped to unify the Industry on perfor­
mance objectives and record keeping procedures. Standardized measures 
such as adjusted 205-day and adjusted 365-day weights have been accepted 
by individual breeders and bull testing stations to record performance. 
These procedures and measurements are essential to a sire evaluation 
program. 
The concept of breeding value is the basis of sire evaluation. A 
working definition of breeding value Is twice the difference between the 
average of a large number of progeny from an individual and the group aver­
age for the trait of interest. This assumes random allocation of cows and 
random treatment of all progeny. Indexes can be used to Incorporate infor­
mation from the individual and/or combinations of close relatives to esti­
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mate the breeding value of an individual. Breeding values are usually ex­
pressed as deviations, plus or minus, from the average of the group or 
breed if nationwide. 
Competent selection programs are based on breeding values. Maximum 
gain through selection is accomplished by identifying animals with the 
best breeding values and using them for breeding stock. Each parent 
transmits one half of its genes (one or the other at each locus) to each 
offspring. The genetic contributions from the two parents are combined 
in the offspring. Thus,with knowledge of the parental breeding values, 
breeders can predict the offspring performance reasonably well when herita-
bility is high. In sire evaluation, the issue is to predict which sires 
will produce the best offspring when all sires are mated to a random set 
of cows. The measure used to rank sires is usually half the breeding val­
ue. This value is usually known as transmitting ability. The specific 
term used in dairy sire evaluation is the Predicted Difference and for 
beef sire evaluation is the Expected Progeny Difference. 
Without the technological advance of artificial insemination, nation­
al sire evaluation programs would not be necessary, nor could they be con­
ducted. The dairy industry started using artificial insemination in the 
late 1930's and today about 50% of the cows in the U.S.A. are bred in this 
manner. The beef industry has about 5% of the cows bred by artificial in­
semination presently, and there is tremendous interest in breeding a 
larger percentage by this technique. A national sire evaluation program 
and the use of artificial insemination complement each other. Use of well 
proven sires across the nation justifies the sire evaluation program. 
When superior sires are identified, artificial Insemination is the method 
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for spreading their services to breed as many cows as possible. 
The advent of large core, high speed computers in the I960's was 
another technological advancement of importance. This enables complex 
record keeping on many progeny of many sires to be feasible. Computers 
also provide the means by which the computations of sire EPD values can 
be carried out. 
Several breed associations have taken the initiative in evaluating 
sires. The American Angus Association, American Hereford Association, 
American International Charolais Association, American Polled Hereford 
Association, American Simmental Association and North American Limousin 
Foundation either have programs in use or have committed themselves to the 
development of a program. The recently introduced breeds have adopted 
programs which make use of existing performance records. They try to 
evaluate as many bulls as possible, and the sire evaluation is an integral 
part of their breed improvement program. Also artificial insemination has 
been the method of sire use. The established breeds have considered pro­
grams that evaluate only bulls entered in designed progeny tests. This is 
due to the small use made of artificial insemination resulting in most 
sires being used in only one herd. 
The purpose of this study was to examine the ability of seven analysis 
procedures to estimate sire EPD values. Sixteen simulated data sets were 
used where the true transmitting ability of each sire was known. The data 
sets were generated by four different models in four different structures. 
Simple correlations and rank correlations were calculated between the true 
transmitting abilities and the EPD estimates and were used as the basis to 
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compare the analyses. The effects of data structures and data models were 
also examined. 
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REVIEW OF LITERATURE 
Sire Evaluation in Dairy Cattle 
The Ph.D. thesis by Bereskin (1963) contains an excellent coverage of 
the literature on dairy sire evaluation up until 1963. Only portions of 
this history will be included here. 
The first attempt to formulate an index to measure sire merit was in 
1913 by Hansson (Bonnier, 1936). Hansson was a nutrition researcher and 
he wanted to adjust records of cows for genetic merit differences to more 
accurately judge the effects of feeding on % fat. Hansson's proposal was 
S = 2D - M where S = sire merit, D = average daughter yield and M = aver­
age yield of dams. Yapp (1924) proposed the same index. This was pro­
moted in the United States, and the first sire lists appeared in 1937 
based on this index. 
Graves (1926) proposed that sires be evaluated on the basis of; 
1) average yield of their daughters, 
2) average increase (or decrease) in the yield of the daughters 
over their dams and 
3) number of daughters that exceed their dams. 
The basic features of Graves' method were incorporated into the USDA sys­
tem of sire evaluation which started in 1946 and was discontinued in 1962. 
This was known as the daughter-dam comparison. No rating or index was 
published in the sire summaries. 
According to Plowman (1968), the daughter-dam comparison was a good 
method provided that the following assumptions were met: 
1) same environmental treatment for both daughters and dams, 
2) future mates of bull similar to dams of original daughters and 
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3) same environment for future daughters as for first daughters. 
Plowman noted that too often the large increase in performance of daugh­
ters over that of dams was really due to the better environment provided 
for the daughters. 
The USDÂ adopted the daughter-herdmate comparison in 1962 (Â.R.S., 
1962). Daughters of a bull were compared to contemporary herdmate aver­
ages. A moving five-month season grouping centered on the month the 
daughter freshened was used to determine the herdmates. Neither the 
daughter nor the paternal half-sibs of the daughters were included in the 
herdmate average. An adjusted herdmate average was determined as the 
breed season average + (^j-) x (herdmate average - breed season average) 
where m was the number of herdmates. Then an adjusted daughter average 
was calculated as daughter average - adjusted herdmate average + .1 (ad­
justed herdmate average - breed average) + breed average. The final cal­
culation produced the sire index and was as follows: 
breed average + (^^^^) x (adjusted daughter average - breed average) 
where n was the number of daughters. This index was called the Predicted 
Average. 
In 1965, the Predicted Difference replaced the Predicted Average in 
the USDA sire summary (A.R.S., 1965). The Predicted Difference did not 
include the breed average and the regression factor was instead of 
• This was the first time that a plus or minus. deviation was used to 
express the merit of a sire by the USDA. 
Calculation of the Predicted Difference changed in 1967. The proce­
dures and formula for computation were explained by Plowman (1968). The 
following formula was used: 
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(a _i) [(D - m + .KM - BÂ)] 
4 + (Zw^-l)h^ + 4C^ 1 1 
where 
w^ = weight given to each daughter according to the number of records 
she has completed 
= m^/[l+(m^-l)r], m^ = number of records and r = repeatability, 
N = total number of daughters of the sire, 
n^ = number of progeny in 1^^ herd, 
h^ = heritability, 
= the extra correlation among paternal half-slbs In the same herd, 
D = daughter average, 
HM = adjusted herdmate average and 
BA = breed average. 
The regression factor was called repeatability and was used as a measure 
of accuracy of the Predicted Difference. The formula was an adjusted se­
lection index. The selection index to predict the transmitting ability of 
a sire from information on half-sib progeny is of the form (nh^/[4+(n-l)h^]) 
X (y^ - y). The Predicted Difference adjusted for common environmental 
effects with and adjusted the sire merit to what it would be in the 
average genetic level herd by .1(HM - BA). The latter was used to recover 
interblock information. 
The basic assumption on which the daughter-herdmate comparison rests, 
as used by the USDA, was that the daughters of a sire were compared 
against the daughters of the average sire in the average herd. This basic 
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assumption encompassed some other assumptions as follows: 
1) all sires and dams are random samples of onr genetic popula­
tion, 
2) there is no genetic trend, 
3) there is no differential culling of daughters versus herdmates 
and 
4) there is no preferential treatment of daughters. 
Assumptions 1 and 2 no longer are valid due to the use of superior sires 
identified by the USDA program. Daughters of young sires are no longer 
compared against daughters of the average sire and there is a genetic 
trend (Powell, 1972). 
The USDA has considered two methods of sire evaluation to handle the 
new situation. These are the Linear Model Method (a result of the mixed 
model proposals by Henderson and others at Cornell) and the Modified Con­
temporary Comparison (Dickinson et al., 1973). The Modified Contemporary 
Comparison produces an iterated solution in a manner similar to the 
Predicted Difference. The basic formulation is as follows: 
ICC PD = ICD group + R'[ICD sire - ICD group] 
where 
ICC PD = iterated contemporary comparison predicted difference, 
ICD = Iterated contemporary deviation mean and 
R' = regression analogous to repeatability. 
There is an adjustment for the genetic merit of contemporary sires and this 
is considered throughout the iteration. The sires are grouped Initially 
by pedigree estimates of their transmitting ability (the ICD group). This 
grouping is used to avoid any bias arising from genetic trend. Both first 
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lactation records and later records are used. To increase accuracy and 
reduce bias due to selection, daughter-herdmate comparisons are based on 
1) first records - first records and 2) later records - later records 
comparisons. 
Henderson and coworkers have worked on direct comparison of sires 
through the use of linear model techniques (Lentz et , 1969; Henderson, 
1973a, b). This method has been in use at Cornell for evaluating sires in 
the Eastern Artificial Insemination Cooperative. The linear model employed 
is: 
i^jkl = % + hi + Sj + Sjt + 
where represents age-month adjusted first lactation production by 
the 1^^ daughter of the k'^ sire (s) in the group (g) made in the i^^ 
herd-year-season (h). The y, h^ and g^ are regarded as fixed effects, and 
the sand e.. are considered random with means zero and variance-jk ijkl 
covariance matrices Ia| and la^ respectively. 
Computing the sire merit estimates is carried out by a procedure sim­
ilar to least squares. That is, equations are set up involving X'X and 
X'y matrices. The y + h^ (or h^ ignoring y) equations are absorbed into 
the sire and group equations to reduce the dimensions of the matrices. 
The group equations are restricted so that = 0 in order to obtain a 
unique solution. The ratio of variance components is added to the 
diagonal element of each sire equation in the X'X matrix. The sire esti­
mates within a group after addition of aZ/o^ will sum to zero, i.e., 
= 0. Then the estimate of sire merit for the jk^^ sire is gj + . 
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The method by Henderson Is intended to avoid the bias due to genetic 
trend. Groups are considered and each sire effect in the model is calcu­
lated as a deviation from the group mean and regressed toward the group 
mean. Each group can be made up of sires of the same age or entering 
service in the same year. Only first lactation records are used, so most 
of the bias due to differential culling within sire progenies will be 
avoided. 
Cunningham (1965) also examined linear model techniques. He used the 
following model: 
"ijk = M + + h, + 
where represents the age adjusted record of the daughter of the 
i^^ sire in the herd (or herd-year or herd-year-season). Two cases 
for estimating the breeding value of a sire were examined. In the first 
case, the sire effects (§^) were estimated by ordinary least squares along 
with their variances (aE ). The breeding value (|.) was estimated by the 
Si 1 
following formula: 
Cov(g ,â ) 2(j| 
g, = b,a, , b, = ^ 
il ' i Var(S,) <,2 + ^ 2 
1 S C S S 
where = variance between sire groups. The variance of §. was a? = 
2b,o2 . 
i s 
For the second case, Cunningham considered the herds to be random 
with between herd variance . The diagonal of the herd equations were 
augmented with , and the equations were solved yielding estimates of 
the sire effects and their variances. Breeding value estimates and their 
variances were calculated by the same procedure as in the first case. 
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Cunningham shewed that the variances of the breeding value estimates 
were smaller in case two than in case one. If the assumption of herds be­
ing random and the variances and were accurate, then case two esti­
mation would be preferred over case one. Both methods were considered to 
be unbiased based on the assumptions. The value of used could bias 
the estimates if it was not accurate. 
Powell (1972) examined ten procedures for estimating the merit of a 
sire. The procedures were variations of the three following methods: 
1) least squares equations for models including herds and sires 
and sometimes groups with herds absorbed and various factors 
added to the diagonal of the sire equations, then solved, 
2) same equations as 1, but solutions Involve only dividing corre­
sponding right hand side member by the diagonal element of left 
hand side and 
3) variations of the USDA Predicted Difference. 
The procedures were examined on data involving 90 sires in 220 herds. 
Powell considered one procedure within method 1 to be optimum and compared 
the other procedures to this. Based on rank correlations between the esti­
mates of the optimum procedure and the other procedures, the methods 
ranked in the same order as they are presented above. For ranking of the 
top 10% and bottom 10% of the sires, methods 1, 2 and 3 were pretty much 
the same. However for sires in the middle, 2 and especially 3 had some 
large changes in ranking compared to 1. 
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Sire Evaluation in Beef Cattle 
The American S immental Association has conq>iled a national sire sim-
mary yearly beginning in 1971. An iterative analysis procedure is used 
for the summary and was proposed by Miller (1971). The current procedure 
has been changed a little from the original, but the general procedure is 
still the same. This will be covered in detail in the methods section. 
The analysis procedure uses ratios (sire progeny mean divided by the 
group mean) in the evaluation of transmitting ability of sires for gesta­
tion length, calving ease for first calf heifers, calving ease for second 
calf and older cows, birth weight, 205-day adjusted weaning weight, 365-
day adjusted yearling weight, pounds of retail cuts per day of age, cuta-
bility, USDA quality grade and most probable producing ability of daugh­
ters. Sires with progeny in several herds are used as reference sires to 
provide a link between sires used in one herd. Preliminary values for 
each sire are computed for each management unit (within sex, herd, calf 
crop and % S immental) and then averaged across management units (weighted 
to account for small and large units) if the sire had progeny in more 
than one unit. These are then used to adjust the averages of contempo­
raries such that all sires are compared to a "common sire." New sire 
values are obtained, and the procedure continues until consecutive esti­
mates for the sires do not differ. The final adjusted ratio is considered 
the best estimate of the Expected Progeny Difference. Miller's method was 
derived to closely approximate a weighted least squares solution through 
^ 1 • « 1 ^  J m m ^ ^  ^ ^ 1 1 i ii • n * m ^ M —• A - Tl Jl M AM .J 1 
The North American Limousin Foundation published its first national 
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sire summary in 1973. The data were analyzed by J. S. Brinks. The 
traits considered are 205-day adjusted weaning weight and 365-day ad­
justed yearling weight. The data are divided into management groups 
(offspring of the same sex, in the same herd, same % Limousin and born 
within a 90-day period). Only bulls with 20 or more progeny and used in 
at least two management groups are considered in the summary. 
Least squares procedures are used to analyze the data. A model 
which included sire effects and management group effects is employed. 
The least squares sire effect estimates are regressed by nh^/[4+(n-l)h^] 
to yield an Expected Progeny Difference for each sire. Each EPD is ex­
pressed as both a deviation and a ratio in the published sire summary. 
The accuracy of any EPD is determined by a prediction error. This error 
is the standard error of the least squares sire effect estimate. Sires 
with few progeny and used iu few herds have large prediction errors. The 
reverse is true for sires with many progeny across quite a number of herds. 
14-15 
METHODS AND DATA 
Analysis Procedures for Sire Evaluation 
Background 
The purpose of sire evaluation is to rank sires on the basis of the 
predicted performance of their future progeny. The measurement used for 
this in beef cattle is the EPD. 
Breeders try to maximize improvement by selecting animals for breeding 
which have the highest breeding values. The EPD, an estimate of one half 
a sire's breeding value, can serve as a selection criterion. Incorporating 
selection index methods into the computation of EPD maximizes the proba­
bility of a correct ranking of true breeding values. 
Questions that arise in deteriming an appropriate model for estimating 
EPD include whether sires should be considered as fixed or random effects, 
whether dams should be considered in the model, whether an interaction 
between sire and herd should be included and whether the errors are homo­
geneous or related to the mean. 
A sire has a fixed average transmitting ability which, conceptually, 
can be considered to be the mean of an infinite number of his progeny. A 
sire's progeny will be distributed at random around this fixed transmitting 
ability. The precision of the progeny average as an estimate of trans­
mitting ability will depend on progeny number. 
If the females used to produce the progeny of a particular sire are 
chosen at random from the population their contribution to performance 
should not bias the estimate of EPD. Designed sire evaluation programs 
attempt to insure this condition. Evaluation programs using existing per­
formance data cannot be assured to have this basis. However, any biases 
16 
present should be decreased with Increasing progeny numbers. 
If the variance of progeny records is related to the mean and herita-
bility is constant, the absolute value of sire merit, deviation of his 
progeny from the herd mean, would be higher for sires measured in herds 
where performance was above average. If sires are randomly used over herds, 
such a condition should not bias the rankings based on EPD. 
Sire by herd interaction would make average sire merit less useful as 
a predictor for any one herd. Average transmitting ability would have to 
be evaluated over many herds if interactions were important. If the inter­
actions can be defined as to cause and the particular situations specified, 
then superior sires for particular specified situations could be identified. 
Least squares estimation 
This method involves a two-step operation. Estimates of sire effects 
are obtained by least squares procedure, and these effects are regressed 
to obtain the EPD values. The following model is used: 
y = Xh + Zs + e 
where 
y = mxl vector of progeny records, 
X = mxq known matrix, 
h = qxl vector of herd effects, 
Z = mxp known matrix, 
s = pxl vector of sire effects and 
e = mxl vector of nonobservable random deviations with 
E(e) = <|) and E(ee') = I^o^ ((j) = null and I^ = mxm identity matrix). 
The model for any individual record is written as y , =y + h. + s, + e. .. 
i J k 1 J Ijk 
The h vector above includes the mean, i.e. h'=[vi+h^,y+h2,... ,V+h^]. This 
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is done because y is nonestimable whereas each u + h^ is estimable. An­
other way to explain this is the mean v is ignored in order to solve the 
normal equations without a restriction on the herd effects. Any classifi­
able known environmental effect can be used in place of herds, e.g. 
management groups. 
The normal equations to be solved for the least squares estimates 
are: 
where 
X'X = 
1" 
0 
X'X X'Z "h" "x'y 
Z'X Z"Z s z'y 
n 
2. 
0 n 
(1) 
X'Z = 
n 
11-
n 
21-
n 
qi' 
Z'X = (X'Z)' 
n 
12" 
n 
22' 
IP 
n 2p 
qp. 
(2) 
(3) 
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Z'Z = 
*.1. 0 
. 2 .  
.p.  
(4) 
= [?!.. 72. yq..^ (5) 
2'y = ty.i. y.2. (6) 
The herd equations are absorbed into the sire equations. This re­
duces the dimensions of the matrices to be stored and used. The equations 
after absorption are Aâ = B where A = [Z'Z - Z'XCX'X) ^ 'Z] and B = 
[Z'y - Z'X(X'X) ^ 'y]. The dimensions of A are p x p and of B are p x 1. 
The elements of A and 2 are shown in (7) and (8), respectively. 
n "il- ®i2. n.-^ n. 
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B = 
Pl2.<^ i2. - .) 
i^lp.^^ip- -  ? ! . . )  
(8) 
A restriction on the equations is needed to obtain a unique solution. 
Requiring that the sum of the sire effects be equal to zero is one possi­
ble restriction. This can be accomplished by subtracting the last row and 
last column of A from the other elements in A and then dropping the last 
row and column. The last element of B is subtracted from the other ele­
ments of B and then dropped. This leaves a set of restricted equations 
with A. â, - and B, _ . Matrix A is inverted and (p-l)x(p-l) (p-l)xl (p-l)xl 
multiplied by B to obtain â. The p'^ element of the original â is esti-
p-1 
mated as -J s. . The p^ diagonal element of A ^ is found by A^^ = 
j=l J 
p—1 p—1 
% ^ A^^ where A^^ = ij^^ element of A ^ Thus, all of the sire 
i=l j=l 
effects and their corresponding diagonal elements of the inverse of the 
coefficient matrix A are obtained. 
According to the assumptions underlying the model, the sire effect 
estimates have minimum variance among the class of unbiased estimators 
which are a linear function of the vector y. The estimates have variance-
covarlance matrix A and the variance of any s, is A^^a^ . The s 
e ^ 3 e 
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vector is assumed fixed. Due to the sampling nature of inheritance, the 
contribution of a sire to each of his progeny is probably never the same. 
With a large number of progeny, plus and minus deviations have an oppor­
tunity to cancel out on the average. If a sire has only a small number of 
offspring, estimation of the true sire effect may be hampered by these de­
viations. The least squares sire effect is therefore regressed by a fac­
tor dependent on the number of progeny since the least squares procedure 
estimates sire differences unadjusted for numbers of progeny. 
Henderson (1948) showed that the maximum likelihood estimate (6 .) of 
ml 
a parameter e given that the least squares estimate (0) is available is 
= bgg0 . This relies on the assumption that 0~N(O,a^) and Cg is 
known. From the least squares sire effect estimates, the EPD for each 
sire is calculated by EPD. = b . s. . Each s. can be written as s. = ) Sjëj : j 3 
Sj + dj where d^ is the deviation of s^ from the true value s^. The vari­
ance of s is + dj . The covariance between s. and s. is . Thus 
] s dj j J s 
the regression coefficient is b . = o^f(a^ + ). 
s.s. s ^ s d/ j ] ] 
Two different regression coefficients are used for estimation. One 
uses a4 = cr^/n where n. = number of progeny by the sire. This yields 
"j G J J 
bg g = njh2/[4 + (n^ - l)h^] and the method is called LI in this study. 
Method Ll is the same procedure as the one used by Brinks for the 1973 
Limousin sire summary. The other regression coefficient uses = sam­
pling variance of s^ = . This method is called L2 in this study. 
Cunningham (1965) pronosed this procedure am a meana of estimarimg sire 
merit in dairy data. Method L2 considers the distribution of sire progeny 
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numbers across herds in the regression coefficient. 
Standard errors for LI and L2 estimates of sire merit are calculated 
by se. = [0^(1 - r^ ^ where se. = standard error of the sire. 
This was used by Cunningham (1965). The equation reduces to se^ = 
[b . 0% . By inserting the appropriate values of b ^ and for 
"j 
each EPD estimate by LI and L2, the standard errors are obtained. 
Mixed model estimation - no interaction 
Henderson and coworkers have proposed using mixed models in dairy 
sire evaluation. This method estimates the maximum likelihood herd ef­
fects. The estimated sire effects meet the selection index criteria 
(Henderson, 1963; Lentz, Miller and Henderson, 1969; Henderson, 1973 a,b). 
The mixed model is considered with herds assumed fixed and sires as­
sumed random. The following model is used: 
y = Xh + Zs + e 
where 
y = mxl vector of progeny records, 
X = mxq known matrix, 
h = qxl vector of herd effects, 
Z = mxp known matrix, 
s = pxl vector of sire effects with E(s)=* and E(ss')=D=I and 
P s 
e = mxl vector of nonobservable random deviations with 
E(e) = <(i , E(ee') = R = I 0% and s and e are independent. 
me 
The equations to be solved for the sire and herd effects are; 
X'R- ^  + X'R"-^ZS = X'R"-^y (9) 
Z'R"^  + (Z'R"^ Z+D"bs = Z'R"V • (10) 
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Since it is assumed that R = I , then R ^ = I 1/a^ . Equations (9) 
me me 
and (10) can then be multiplied by R to yield the following: 
X'Xfi + X'Zs = X'y 
Z'Xh + (Z'Z + RD ^)s = Z'y — ^  
or 
X'X X'Z T x'y 
Z'X Z'Z + RD""^ s 
Corresponding to the model y^^^ = p + h^ + s^ + e^j^ and noting that 
D ^ = I l/o^ and letting a = a^/a^ , the matrices are; p s ° es 
X'X = same as (1), 
X'Z = same as (2), 
Z/X = same as (3), 
0 • • • 0 
Z'Z + RD 
-1 
n , +a 
• !• 
n.2.+ * 
(11) 
n + a 
.p.  
X'y = same as (5) and 
Z'y = same as (6) . 
The h vector includes the mean y along with each herd effect, i.e. 
h' = [p + hj^, y + h^, • • • , M + h^]. Therefore no restrictions are 
needed on the herd equations. Since the ratio a^/a^ is added to the diag­
onal element of each sire equation, no restrictions are needed on them to 
obtain a unique solution. By adding the ratio to the diagonal elements. 
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the sire effect estimates are derived such that their sum is zero. The 
herd equations are absorbed into the sire equations to reduce the dimen­
sions of the matrices. The reduced equations are Cs = F with the elements 
of C and F shown in (12) and (13). Note that (12) is the same as (7) ex­
cept for the addition of a = to the diagonal, and (13) and (8) are 
Identical. 
C = 
hi." 
*12-^11' 
"ip'°il-
*1.. 
-Z 
i 
"il- °12-
n. 
n. 
I *12.(1 -
J- i". 
n. 
. . .111- 4-
1 -1.. 
hp/' 
*1. 
•)+a 
(12) 
F = 
1^.(^ 11. - ?!..) 
l"l2.(^ 12. " ?i. ) 
l^p.(^ ip. - ?1..) 
(13) 
The EPD value for each sire is the sire effect s^ . This method of 
estimation is called MS in this study. The standard error of each s. is 
J 
calculated as (C^^o^)^ . 
Examination of equations (9) and (10) shows that the herd effects are 
estimated by generalized least squares (g.l.s.) which is also the maximum 
likelihood (m.l.) method assuming normal distributions. The sire effects 
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estimated are those meeting the selection index criteria with the m.l. 
estimate for the mean. Since sires are considered random, the model y = 
Xh + Zs + e can be written as y = Xh + Ç . The variance-covariance matrix 
of y is then Q = E(ÇÇ') = E[(Zs + e) (Zs + ej*] = ZDZ"* + R . The m.l. esti­
mate of h, the fixed effects vector, is found by solving the equations 
X'Q = X'Q ^y . From equation (10), s can be written as: 
s = (Z'R~^Z + D~^)"^(Z'R~^y - Z'R~^) . (14) 
Substituting (14) into (9) yields the following: 
X'R"^  + X'R"^ Z(Z'R"^ Z + D~^ )"^ (Z'R"V - Z'R'^ ) = X'R"V 
X'R"^Xh + X'R"^Z(Z'R~^Z+D"^)"^Z'R"^y - X'r"^Z(Z'R~^Z+D~^)"^Z'r"^ = X'R"\ 
X'[R"^-R~^Z(Z'R"^Z+D"^)"^Z'R"^]Xh = X'[R"^ - r"^Z(Z'R~^Z+d"^)"^Z'R"^] y (15) 
Allowing M = R~^ - R*"^Z(Z'R~^Z + D"^)""^Z'R"^ , equation (15) is 
X'MXh = X'lty . To prove that fi estimated by these equations is m.l., M 
must be equal to Q or MQ = 1. This is done as follows: 
QM = [ZDZ'+R][R"^-R"^Z(Z'R"^+D"^)"^Z'R"^3 
= ZDZ'R~^-ZDZ'R"^Z(Z'R"^Z+D~^)"^Z'R"^+RR"^-BR"^Z(Z'R"^Z+D"^)"^Z'R"^ 
= I + ZDZ'R"^ - Z(DZ'R"^Z + I)(Z'R-^Z + D"^)"^Z'R"^ 
= I + ZDZ'R"^ - ZDD"^(DZ'R''^Z + I)(Z'R"^Z + D"^)~^Z'R~^ 
= I + ZDZ'R"^ - ZD(Z'R"^Z + D"^)(Z'R"^Z + D~^)"^Z'R~^ 
= I + ZDZ'R"^ - ZDZ'R"^ 
= I 
The selection index to estimate s is i = P'(y - Xh). The matrix P is 
the solution to the index equations QP = ZD, where Q is the variance-
covariance matrix of y and ZD is the covarlance between s and y. Thus, 
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P = Q ^ZD and s = D'Z'Q ^(y - Xh). Inserting the m.l. estimate of the 
mean yields s = D'Z'Q ^(y - Xfi). If s from (14) equals s, then s is the 
selection index estimate of s computed with the m.l. estimate of the mean. 
The proof is as follows: 
s = s 
(Z'R"^Z + D~^)"^(Z'r"V - Z"&"^) = D'Z'Q"^(y - Xh) 
(Z'r"^Z + D"^)~^Z'R"^(y - Xh) = D'Z'(ZDZ' + R)"^(y -Xfi) . 
Now the proof simplifies to: 
(Z'R"^Z + D*'^)"^Z'R"^ = D"Z"(ZDZ' + R)"l 
[RZ'"^(ZTl"^Z + D"^)]"^ = D'Z'(ZDZ' + R)"^ 
[RZ'"^Z'R"^Z + RZ'"^~^]"^ = D"Z"(ZDZ" + R)"^ 
[Z + RZ'"^ "^ ]"^  = D'Z'(ZDZ' + R)"l 
DD"^ [Z + RZ'"^ ~^ ]"^  = D'Z'(ZDZ' + R)"l 
D[(Z + RZ'"S"bD]"^  = D'Z"(ZDZ" + R)"^  
D[ZD + RZ'"^"^]"^ = D'Z'(ZDZ' + R)~^ 
D[ZD + RZ'"^]"^ = D'Z'(ZDZ' + R)"^ 
DZ'Z'"^[ZD + RZ'"^]"^ = D'Z^(ZDZ" + R)~^ 
DZ'[(ZD + RZ'"^)Z']"^ = D'Z"(ZDZ" + R)"^ 
DZ'[ZDZ' + RZ'~^Z'l""^ = D'Z'(ZDZ' + R)""^ 
DZ'(ZDZ' + R)"^ = D"Z'(ZDZ" + R)"" 
D'Z'(ZDZ' + R)"l = D"Z"(ZDZ" + R)~^ , D is symmetric, D = D" . 
Mixed model estimation - with interaction 
Henderson (1973b) demonstrated the Inclusion nf « «Ire by herd inter­
action in the mixed model. This assumes that the interaction is present. 
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Herds are considered fixed and sires and the Interaction are assumed ran­
dom. The following model Is used: 
y = Xh + Zs + WY + e 
where 
y = mxl vector of progeny records, 
X = mxq known matrix, 
h = zxl vector of herd effects, 
Z = mxp known matrix, 
s = pxl vector of sire effects with E(s) = it and E(ss') = D = I 
p s 
W = mxr known matrix, 
Y = rxl vector of sire by herd Interaction effects with E(Y) = 0, 
and E(yy') = T = 1^ 0%^  and 
e = mxl vector of nonobservable random deviations with 
E(e) = (j) , E(ee') = R = and s, Y and e are Independent. 
The equations to be solved for the sire, herd and sire by herd 
effects are; 
X'r"^ + X'R"^Zs + X'R'^Y = X'R~V (16) 
Z'R"^Xfi + (Z'R"^Z + D~^)s + Z'R~^y = Z'R~^y (17) 
W'r"^ + W'R"^Zs + (W'R~^ + T"^)Y = W'R~^y . (18) 
Since it is assumed that R = I 0% , then R ^ = I l/o^ . By multiplying 
m e  m  e  r ^ o  
(16), (17) and (18) by R, the following equations are obtained: 
X"XA + X'Zs + X'WÇ = X'y 
Z"Xh + (Z'Z + RD"^)s + Z'Wy = Z"y 
W'Xh + W'Zs + (W"W + RT"^)y = W"y 
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or 
X'X X'Z 
Z'X Z'Z + ED 
W'X W'Z 
-1 
X'W 
Z'W 
WW + RT 
-1 
x'y 
s 
II 
zy 
Y wy 
Corresponding to the model = y + h^ + + ®ijk noting 
that D~^ = I 1/^2 and T~^ = I l/a^ and letting a = tr^/cr^ and 
p s r sn e s 
g = a^/a^, , the matrices to be worked with are: 
e sh 
X'X = same as (1), 
X'Z = same as (2), 
X'W = 
°11- "l2- " * * °lp- ° 
n 21. • * n 2p-
0 • • • 0 
® V- ' • * "o"-qp" 
Z'X = same as (3), 
Z^Z+RD ^  = same as (11), 
'11. ° 
0 
Z'W = 
12. 
L" 
0 -21. 0 
22" 
0 n lp« 0 n 2p. 
0 n 
q2' 
0 n 
c 
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W'X = (X^ W)' , 
W'Z = (Z'W)' , 
W'W+-RT"^ = 
nil+B ° 
0 ^12 +6 
% 
4 -
*2p.+B 
4; 
qi +e 
0 \p.+« 
X'y = same as (5), 
Z'y =» same as (6) and 
W-y - ly^i. 712. • • • yip.lfzi. ••• yzp-l'-'lyql. ••• fqp.l' . 
The h vector includes the mean y along with each herd effect, i.e. 
h'= [y + hi» y + hg, • • •, y + h^] . No restrictions are required on 
the herd cquûLloiit>. Since ratios of variance components are added to the 
diagonal elements of the sire and sire by herd equations, no restrictions 
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are needed on them to obtain a unique solution. The sum of the sire 
effects will be zero and the same is true for the sum of the interaction 
effects. The herd equations and the sire by herd equations are absorbed 
into the sire equations. Demonstration of the absorption can be accom­
plished with two steps. Absorbing the sire by herd interation into sires 
and herds yields the following: 
X'X X'Z xV [W'W-RT 
Z'X z'z+rd'^  Z'W 
™-l,-lr T 
" x'w' [W'WfRT 
z'y Z'W 
--1,-1. 
or 
=12 T h 
«21 
CM 
1 
CM 
o
 s h 
where 
= X'X - X'WIW'W + Rr~^ ]'^ 'W 
j "Ij. +B 
0 
j "2j. +6 
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= X'Z - X'WTW'W + RT~^ ]"^ 'Z 
*11-9 *12.8 • . . n^p,g 
*11.+ ^  *12."^  =lp+ G 
*21.G *22.9 
*21+ G *22.+ G 
jilL . . . _!sel 
\l.+ 9 *qp + G 
= Z'X - Z-WEW'W + RT'^ I'VX = (G^ G) ' , 
= Z'Z + RD~^  - Z'W[W'W + RT"^ ]W'Z 
1 » ip-"* 
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Hj = X'y - XTIIW'W + Er"^ ]"^ ('y 
lilJ 
y^_8 
jny.+ e j "Zj.+ 8 
!: J&uf- and 
= Z'y - Z-WfW'W + ET'^ I'Vj 
; ^11-^ • fiZ.G 
i "il-"*' ® 1 ^ 12.+ ® 1 ® 
The second step is absorbing herds into the sire equations. Allowing 
K = 0^2 - ^21^11^12 L = Hg - ^ 21^11^1 * equations to be solved 
for the sire effects are Ks = L with the elements of K and L as shown in 
equations (19), (Figure 1), and (20). 
The EPD value for each sire is the sire effect (Sj). The method of 
estimation is called MSI in this study. The standard error of each s^ is 
calculated as . 
î "il-* 
1 "il.+ ® 
1 -
L j "ij 
*11.* 
"ii.+^ 
r 
+ 8 
+ a 
-I 
1 
pii.nri2»*" 
E 
L. j "ij.+ e 
-Z 
Pli 
-Hrip 
•'11 Un M 
z 
— 1 
"ij.* 
"ij.+ ^  
*12.G «11. en 
."il.-"®, 
"11 * 
j ""ij .+ e J 
T "i2"^ 
1 "IZ.+G 
1 -
"l2-® 
"i2.+ ^  
L j^ ij.""''J 
+ a 
K 
•î 
1 
Tjvllfjiiiifl' 
L"ip.+sJL"ii.+8j 
3 " i j  
"11.8 
+ 6 
l  l  %•« 
1 -
"ip.G 
"lp.+8 
+ a 
L j "ij +3J 
Figure 1. Equation 19 
I 
i 
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"11.»' ^13 
T 
^11.» "11.+e 3 
•>11+8 
L = (20) 
Î 
i 
ZiE.-® 
"ip.+c 
"IP-® 
L'lp-'t j "ij 
i "ij 
Iteration with ratios 
Miller (1971) developed an Iterative procedure for estimating sire 
merit using within-group ratios. This procedure has been used by the 
^erican Simmental Association sire summaries in 1971, 1972 and 1973. 
Some minor changes have occurred in the procedure since 1971. The use of 
ratios has two distinct advantages over the use of deviations. A proce­
dure using ratios avoids problems due to mean differences between groups 
and tends to equalize the within-group ^ r herd) variance when the mean 
and variance are related such that the coefficients of variation of groups 
are similar. The procedure by Miller is called RI in this study. 
The steps in this procedure are as follows: 
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Obtain the within-herd ratio for eadi herd in which a sire had 
progeny. Do this for all sires. The ratios are calculated as: 
where 
= ratio of sire in i*"^ herd, 
j = progeny mean of sire in i^^ herd, 
= mean of all progeny in i^^ herd, 
n^ = number of progeny by sire in i^^ herd, 
n^ = number of progeny in i'^ herd, 
Sj = value for sire and 
= average value of all sires having progeny in 1^^ herd 
(the average is weighted by numbers). 
The Initial value of each S is 1.0. 
Obtain the weighting factor for each within-herd ratio as 
follows; 
1.0 
W.. = 
ij r 1.0 1.0 i.ofs 
L*lj' "i--""ij- "ir 
where 
= weighting factor for ratio of sire in 1^^ herd, 
n^^ = number of reference sire progeny in 1^^ herd and 
n. and n.. are the same as in (21). 
1 • • iJ • 
Obtain the average ratio of progeny of the sire to contem­
poraries as follows: 
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_ fiAj 
4. Compute the new sire value SJ as follows: 
n j bf 
S' = 1.0 + (R - R) 
^ 4+(n . -l)h^ J 
• J *  
where 
n j » total number of progeny by the sire and 
R a average ratio of all sires 
% Rj 
= % nT * "s ~ number of sires. 
5. Compare SJ to S^. If they differ by more than .00025 for any one 
sire, then steps 1, 3 and 4 are repeated by setting « SJ for 
all sires and all sires are evaluated again. The procedure is 
repeated until consecutive estimates of SJ do not differ by 
.00025 for all sires. 
6. The EPD value for each sire is calculated as EPD^ • (SJ - 1.0)y'*' 
where y••• is the overall progeny mean. 
The last step is not used in the Simmental summary. Step 6 is used 
to get the EPD as a deviation rather than a ratio. Miller estimates the 
standard error (se^) of a particular SJ ratio as follows: 
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where 
cr = phenotyplc standard deviation for the trait and 
Kj = the number of herds in which the sire had progeny. 
Since the EPD values are in deviation form, the standard errors are cal­
culated by multiplying each se^ by y•• , 
This method uses contemporary comparisons to estimate sire merit. 
Equation (21) is the step in the iteration solution where the ratios are 
adjusted for the merit of contemporary sires. 
Within-group analysis with reference sire adjustment 
This procedure can be used to estimate sire merit from data where 
most sires have progeny in only one herd; the only sires to have progeny 
across herds are the reference sires. The procedure entails two steps in 
estimating the EPD values. First, initial estimates of sire merit come 
from within-group progeny tests. Second, these estimates are adjusted 
after better values for the merit of each reference sire are obtained. 
This method is called W in this study. 
Obtaining the initial sire estimates within a group is accomplished 
by solving the equations U6 = G. These are the equations following mixed 
model procedures for within-group data. The vector b equals [u^, s^^^, ... 
Sip] where is the estimated mean of the i^^ group or herd. The s 
values are the estimated sire effects (within-group) for all sires includ­
ing reference sires which had progeny in the group. The elements of U and 
G are shovr. in (22) and (23). Next tha values for the nonrcference slics 
are derived as deviations from the mean of the reference sire estimates in 
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the group. These values are labeled EPD*, and the value for the non-
th * ^ * 
reference sire in the i herd is EPD^^ = Sy - ; 
the reference sire estimates in the group. 
is the mean of 
U = 
n. 
il. 
ip-
°il-
*il.+« 
ip. 
0 
0 
*ip.+ * 
(22) 
G = 
fi.. 
fil. 
fip. 
(23) 
All the reference sire progeny data are collected and used to build 
mixed model equations to estimate the reference sire values. The equations 
consider herds as fixed and sires as random. Herds are absorbed into sires 
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to yield equations Vf = F. The f vector is the inference sire effects vec­
tor, and V is of the same form as (12) and F is of the same form as (13). 
The values in the f vector are considered to be the final EPD values for 
the reference sires. The standard error for the reference sire EPD 
is (v'*a2)'' . 
The final EPD value for the J sire in the i herd is EPD^. = 
EPD^j + where is the mean of the reference sire values from r 
corresponding to the reference sires having progeny in that herd. The 
standard error of any nonreference sire EPD^j value is found as follows: 
®®ij ^ [Var(s^j - + R^)l^ 
[Var(â^j)+Var(R^)-2Cov(s^j ,R^)+Var(R^)+2Cov(s^j ,R^)-2Cov(R^,R^) ] ' 
[Var(s^j) + Var(R*) - 2Cov(s^j,R*) + VarfR^)]^ 
* -(assuming Cov(s^.,R^)=0 and Cov(R^,R^)=0) 
-c "11' !lc„jl 5c , 
= [(U'^  +1 I  ^- 2i V+I I 
1  1 "  %  I C I  1 -  n 2  G  
where 
n^ = number of reference sires having progeny in the same herd. 
Within-group analysis with correction for herd level 
This method adjusts the estimates by method W for the mean of the 
herd in which the progeny of a sire are tested. This method is intended 
to correct for scaling effects. Hopefully then all sires can be compared 
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as if their progeny were reared in herds of equal level. This method is 
called WR in this study. 
From the reference sire analysis of W, the high and low sires are 
chosen. Within-herd analyses are carried out for these two sires only in 
the herds where they were used together. Mixed model techniques are used 
according to the model y.= y + s + e , is added to the diag-
1J K X J 1J K 6 S 
onal of the two sire equations). For each herd, y , s„. and &. . are 
J. Ill Lx 
estimated where s^ and s^ are the values for the high and low sire, 
respectively. Then the regression of the s„ on \x is calculated. The inter-
u 
cept (ajj) of the regression line is determined by a^ = s^ - where 
is the regression coefficient. Dividing the prediction equation for 
S|i 
the sire value at the overall mean by the prediction equation at the mean 
of a particular herd yields the multiplicative adjustment factor (f^) as 
shown in the following; 
sy o 
where 
= overall mean (all progeny test herds) and 
y^ = estimated mean from the i*"^ herd analysis. 
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The WR method estimate of sire merit (EPD^^) for the nonreference 
sire in the i^^ herd is EPD^ = f^EPD^ where EPD^^j is the estimate from 
method W. The value of is obtained from the within-herd analysis of W. 
The estimates for the reference sires are not adjusted since their progeny 
had a chance to appear in several herds, and the scale effects would have 
an opportunity to cancel out. Standard errors for the WR estimates are 
considered to be the same as for the W estimates. 
In each herd where the high and low reference sires were used togeth­
er, the Sjj value is calculated as a comparison to the low sire. The s^ 
is analogous to the EPD. Thus in the herds where the two sires were used 
together, the EPD values for the same sire (high sire) are obtained rela­
tive to the same basis of comparison (low sire). The regression of s^ on 
P should measure the relationship, expected to be positive, between the 
high reference sire EPD and the herd level In which the EPD was calculated. 
Use of the WR method assumes that the multiplicative factor (f) is accu­
rate for all sires at each respective herd level. This means that for any 
herd level, the ratio of sire merit in that herd to sire merit in the 
average herd is constant for all sires. 
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Description of Data 
Sixteen data sets were used in this study. All the data sets were 
generated on a computer to simulate data for sire evaluation. Generated 
data were used for the following two reasons: 
1) no data were yet available from designed sire evaluation 
programs and 
2) the true transmitting ability values for the sires were known 
for the generated data. Thus, sire estimates could be compared 
against the true values. 
The sixteen data sets were the combinations of four data structures and 
four models. Yearling weight was the trait considered. All weights were 
assumed to be adjusted for age and from animals of the same sex. 
Progeny were produced from the same 100 sires in each data set. 
These sires were generated and selected on individual phenotype by the 
following procedure: 
1) 50 sires were generated in each of 20 herds by the model P = 
mean + herd + breeding value + random deviation where P = 
phenotyplc value of sire; mean = 1000 pounds; herd = , 
= 2000 = herd component of variance, all sires generated in 
the same herd received the same herd contribution; breeding 
value = = 2500 = breeding value component of variance; 
and random deviation = R_o , 3700 = within component of 
JO 0 
variance. Each represents a random normal deviate drawn from 
a population N(0,1). 
2) The top five (10%) sires were selected on their phenotyplc 
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value in each herd. This was done to simulate the kind of sires 
entering a sire evaluation program. The sires were numbered from 
1-100. The first five sires were from the first herd; the sec­
ond five sires were from the second herd; etc. The transmitting 
abilities (1/2 breeding values) of these sires are listed in table 
1. The distribution of the transmitting abilities is shown in 
figure 2. Either the first or second best bull on individual pheno-
type from the first ten herds was available as a reference sire, 
i.e., numbers 1, 6, .11, 16, 21, 27, 32, 37, 42 and 47. 
The four data structures simulated three designed structures (A, 6 
and C) and one nondesigned structure (D). The formats on which these 
structures were generated are shown in table 2. The total number of prog­
eny in a herd, the probability of a particular herd size being chosen and 
the number of reference sires and nonreference sires and progeny numbers 
of each for a particular herd are listed for each data structure. 
Structure A had 10 reference sires and 90 nonreference sires. The 
nonreference sires had progeny in only one herd. The reference sires were 
picked from a rotation as needed to generate the progeny in each herd. 
That is, if the first herd required six reference sires, then the first 
through sixth reference sires were used. If the second herd required 
eight reference sires, then the seventh through tenth and first through 
fourth reference sires were used. The process continued until all of the 
herds were generated. 
Structure B had 4 referenrm and 96 nonreference sires. The non-
reference sires had progeny in only one herd. Only two reference sires 
were used in each herd. A rotation of the six possible combinations of 
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Table 1. Sire transmitting abilities 
SN^ TA^ SN TA SN TA SN TA 
1 26.79 26 62.81 51 14.94 76 42.33 
2 21.05 27 49.49 52 26.69 77 -6.11 
3 16.30 28 67.64 53 32.79 78 34.11 
4 21.69 29 21.77 54 24.80 79 16.82 
5 -7.06 30 5.85 55 25.53 80 -4.78 
6 54.52 31 18.13 56 27.10 81 -0.79 
7 43.93 32 59.81 57 15.70 82 -10.73 
8 7.14 33 14.25 58 4.05 83 63.17 
9 40.06 34 22.50 59 39.45 84 29.76 
10 36.19 35 25.84 60 13.13 85 24.43 
11 27.26 36 -3.15 61 4.83 86 40.70 
12 22.98 37 22.94 62 39.23 87 26.19 
13 16.31 38 26.13 63 37.95 88 37.56 
14 22.89 39 13.58 64 -4.40 89 32.91 
15 48.89 40 20.60 65 29.88 90 67.01 
16 42.94 41 34.53 66 64.69 91 33.33 
17 60.16 42 5.44 67 36.97 92 37.18 
18 11.02 43 19.80 68 36.40 93 22.95 
19 23.49 44 14.09 69 6.85 94 33.06 
20 22.05 45 61.70 70 34.99 95 30.21 
21 21.45 46 42.06 71 21.02 96 37.06 
22 27.48 47 26.96 72 33.45 97 32.36 
23 42.02 48 60.67 73 34.60 98 1.94 
24 24.81 49 19.09 74 18.04 99 41.35 
25 43.64 50 8.81 75 40.47 100 12.96 
* SN = sire number. 
^ TA = transmitting ability. 
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Transmitting ability 
Figure 2. Distribution of sire transmitting abilities a 
Numbers Inside bars denote the number of sires in that range. 
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two reference sires was used to assign the reference sires. Structure C 
was generated by the same format as structure B except the number of prog­
eny in a herd by a sire (both reference and nonreference) was doubled. 
Structure D was generated to simulate a data structure which could 
occur in field data from a breed performance program. Ten reference sires 
were used. Three different rotations were used to assign the reference 
sires to the herds. This was done to create a distribution of reference 
sires over herds which might simulate field data. The 90 nonreference 
sires were divided into two groups. Group one had 20 sires, and they were 
numbers 3, 8, 13, 18, . . . ,93 and 98. Sires in group one could be used 
in more than one herd, and three different rotations were used to select 
the sires within the group. Group two was comprised of the remaining 70 
sires, and these sires had progeny in only one herd. Group one and group 
two each had equal probability of being chosen when a nonreference sire 
was needed to generate progeny. Herds were generated until all 70 sires 
in group two had been represented by progeny and until each reference sire 
had progeny in at least 10 herds. 
Four data models were used in producing the progeny records. Descrip­
tions of the four models are given in table 3. Model I was a simple linear 
model with no sire by herd interaction. Models II and III differed from 
model I because they included a sire by herd interaction. The interaction 
component for models II and III was approximately 5 and 10% of the total, 
respectively. Model IV was used to simulate data where the coefficient of 
variation is constant over herds; i.e., there is more variance in a herd 
with a high mean than for a herd with a low mean. After the herd effect 
had been generated for the 1^^ herd, the herd mean (y^) was taken to be 
Table 2. Data structures for generating data 
Structure 
Probability of 
herd being 
chosen 
Number 
nonreference 
sires 
Progeny by 
each non-
reference sire 
Number 
reference 
sires 
Total progeny 
of reference 
sires® 
Total 
progeny 
In herd 
A .20 1 10 5 10 20 
.20 2 10 6 15 35 
.20 3 10 8 20 50 
.20 4 10 9 25 65 
.20 5 10 10 30 80 
B .20 1 10 2 10 20 
.20 2 10 2 15 35 
.20 3 10 2 20 50 
.20 4 10 2 25 65 
O
I 
CM 
5 10 2 30 80 
C 
O
 
CM 
1 20 2 20 40 
.20 2 20 2 30 70 
.20 3 20 2 40 100 
.20 4 20 2 50 130 
.20 5 20 2 60 160 
D to
 
o
 
1 10 1 10 20 
.35 1 10 2 40 60 
.35 3 20 3 90 150 
.10 10 20 4 300 500 
^ To ascertain the number of progeny per reference sire, divide the number Into the total. 
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Table 3. Data models 
Model I 
Progeny phenotype » mean + herd + sire + dam + segregation + 
random deviation 
mean = 1000 pounds, herd = , sire = sire transmitting ability, 
dam = l/ZRgOg , segregation = (1/2)^^0^ , random deviation = R^a^ , 
o? = 2000 , = 2500 and af = 3700 
n g ô_ 
Model II 
Progeny phenotype = mean + herd + sire + dam + segregation + Interaction 
+ random deviation 
mean = 1000 pounds, herd = R^^o^ , sire = sire transmitting ability, 
dam = l/ZRgOg , segregation = (1/2) RgO^ , interaction = R^o^^ , 
random deviation = R_Of , = 2000 , » 2500 , (J? * 3700 and 
5 5 h g 5 
°sh ° (5% of total variance) 
Model III 
Same as model II except - 910 (10% of total variance) 
Model IV 
Progeny phenotype = mean + herd + sire + dam + segregation + 
random deviation 
mean = 1000 pounds , herd = R^o^ , 
sire * (o^ /a^) x (sire transmitting ability) , dam = l/2R_o , 
8j 8 ^84 i,i 6 - *i
segregation = (l/2)^R^o , random deviation = R^c^ , = 2000 , 
= cy^Kg , c = a2/(inean) , Kg « a|/o2 , K = 0^/0% 
y^ = mean + herd for the i'^ herd , * 2500 , « 3700 and 
o2 = gZ + 0% + of = 8200 
T h g Û 
4« 
the overall mean plus the herd effect. From this herd mean, the param­
eters (CT2 and (T^) vere calculated to be used In generating the dam, 
®i \ 
segregation and random deviation values as well as in adjusting the sire 
transmitting abilities to be used in that particular herd. In all four 
models, the within herd heritability was approximately .40. 
All combinations of the four data structures with the four data models 
made up the data sets. The sixteen data sets and the structure and model 
each represented were as follows; data set 1 (A,I), data set 2 (B,I), 
data set 3 (C,I), data set 4 (D,I), data set 5 (A,II), data set 6 (B,II), 
data set 7 (C,II), data set 8 (D,II), data set 9 (A,III), data set 10 
(B,III), data set 11 (C,III), data set 12 (D,III), data set 13 (A,IV), 
data set 14 (B,IV), data set 15 (C,IV) and data set 16 (D,IV). 
The actual structures that occurred in the data sets are listed in 
table 4. The data structure was identical for sets 1, 5, 9 and 13. The 
same was true for sets 2, 6, 10 and 14 and sets 3, 7, 11 and 15 and sets 
4, 8, 12 and 16. Data sets 5, 6, 7 and 8 and 9, 10, 11 and 12 were cre­
ated by adding the interaction effects to sets 1, 2, 3 and 4, respectively. 
Initiation of the generation process for sets 13, 14, 15 and 16 was identi­
cal to the initiation for creating data sets 1, 2, 3 and 4. By generating 
the data sets in this manner, the distribution of sires over herds would 
be identical for the four data sets of the same structure (e.g. 1, 5, 9 
and 13). 
Table 4. Structures of data sets 
Number Progeny by Number Total Progeny by Total 
Data sets 
Number 
of herds 
nonreference 
sires 
each non-
reference sire 
reference 
sire 
reference 
sires 
progeny 
In herd 
1, 5, !) and 13 7 1 10 5 10 20 
(1510 total 8 2 10 6 15 35 
prog&ny, 
' 32 he rds) 5 
8 
3 
4 
10 
10 
8 
9 
20 
25 
50 
65 
2, 6, j.O and 14 
(1610 total 
progeny, 
34 herds) 
4 
11 
0 
12 
5 
1 
2 
3 
10 
10 
10 
10 
10 
2 
2 
2 
30 
10 
15 
20 
80 
20 
35 
50 
6 4 10 2 25 65 
3, 7, 11 and 15 
(3200 total 
progeny, 
32 herds) 
5 
10 
2 
6 
5 
1 
2 
3 
10 
20 
20 
20 
2 
2 
2 
2 
30 
20 
30 
40 
80 
40 
70 
100 
6 4 20 2 50 130 
4, 8, 12 and 16 
(7280 total 
progeny, 
61 herds) 
8 
16 
21 
18 
5 
1 
1 
3 
20 
10 
20 
20 
2 
1 
2 
3 
60 
10 
40 
90 
160 
20 
60 
150 
6 10 20 4 300 500 
50 
Evaluation of Estimation Procedures 
Methods LI, L2, MS and RI were used to estimate sire merit in data 
sets 1-16. Method MSI was used in data sets 5-12 because these data sets 
were generated by a model with an interaction. Method W was used in the 
designed structure data sets, i.e. 1-3, 5-7, 9-11 and 13-15. Sire merit 
was estimated by method WR only in data sets 13-15 where the data were 
generated by the scaling model and the designed structures. 
The procedures were evaluated by how well their EPD estimates agreed 
with the true transmitting abilities. Within each data set, simple corre­
lations and rank correlations were calculated between the true transmitting 
abilities and the EPD estimates by each method used in the data set and 
between the EPD estimates of the methods. 
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RESULTS AND DISCUSSION 
Estimates of the variance components cr^ , and were obtained 
from the least squares analyses used for Ll and L2 (table 5). Since the 
Table 5. Estimated variance components 
Data : set 52 
e 
52 
s 
1 (A, I) 5677 631 
2 (B, I) 5509 612 
3 (c. I) 5539 615 
4 (D, I) 4678 520 
5 (A, II) 5858 651 555 
6 (B, II) 5586 621 486 
7 (c. II) 5661 629 601 
8 (D, II) 4892 544 365 
9 (A. III) 6042 671 1149 
10 (B, III) 5542 616 272 
11 (C, III) 5683 631 721 
12 (D. III) 5138 571 848 
13 (A, IV) 5718 635 
14 (B, IV) 5572 619 
15 (C, IV) 5697 633 
16 (D, IV) 4745 527 
herd equations (including y) were absorbed into the sire equations, the 
sire estimates times the right hand sides of the reduced normal equations 
yielded the R( y, h, s) - R(y, h). The R(y, h) was calculated as 
I "Ch, h) tc ?v(y, h, s) - PvCp, h) gayc the tctal réduc­
tion due to fitting the model without interaction. Dividing the residual 
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sum of squares by the appropriate degrees of freedom gave . The 
component for sires (ô^) was determined as 1/9 of 5^ . This applied to 
the heritability of .40. For determining the Interaction component of 
variance, the following was used: {R(W; h, s, sh) - [R(y, h, s) -
R(y» h)] - R(ii, h)}/{degrees of freedom for interaction} = mean square 
for interaction = 5^ + {[N + E nf. /n. - Z nf. /n . + Z nf. /N]/ 
e g 1]' 1"' ij ij* ij ' 
d.f.} where R(w, s, h, sh) = Z yf, /n.. and N = the total number 
sn XJ • xj • 
of progeny in the data set. The subscripted n values are the number of 
observations present in that data group identified by the ij subscript. 
The interaction component was calculated only for data sets 5 through 12. 
The residual components of variance were used to find the standard 
errors of the sire estimates in the linear model analyses. The sire com­
ponents were lisëd in L2 in determining the regression coefficients for 
the least squares estimates. The interaction components were used to 
decide what value of o^/a^ would be used in the MSI analyses. Data sets 
e sn 
5-8 were generated using a 5% interaction model and a^/o^, should be 8.41. 
c sn 
Data sets 9-12 were generated using a 10% interaction model and 
should be 4.06. The value of this ratio for data sets 5-8 was 10.55, 
11.49, 9.41 and 13.40 and for data sets 9-12 was 5.26, 20.48, 7.88 and 
6.06, respectively. In the MSI analyses, 12.0 was used for this ratio in 
data sets 5-8 and 6.0 was used in data sets 9-12. 
Method WR used a regression equation to calculate the multiplicative 
adjustment factor. The intercept and regression coefficient found in the 
data sets were: set 13; a^ = 13.48, bgq = -.01; set 14: a^ = 145.04, 
b^A = -.12; and set 15: a^ = -63.20, bg. = .08. A positive regression 
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coefficient was expected. This was found only in data set 15. 
The ranges of the sire estimates are listed ia table 6. These 
Table 6. Range of the EPD values 
Analysis procedure 
Data set LI L2 MS MSI RI W WR 
1(A I) 85.05 72.28 77.25 86.44 80.16 
2(B I) 91.66 76.48 75.05 82.11 96.83 
3(C I) 106.58 94.87 89.10 102.33 113.68 
4(D I) 119.07 86.47 87.62 122.64 
5 (A II) 113.61 95.61 97.36 70.30 111.12 104.28 
6(B II) 133.80 111.52 108.07 73.44 117.52 136.69 
7(C II) 193.95 172.78 165.83 100.89 183.11 197.58 
8(D II) 144.00 116.07 115.82 79.02 146.61 
9 (A III) 138.98 118.11 118.75 67.31 132.85 125.77 
10 (B III) 148.60 122.58 118.30 61.90 130.18 147.54 
11(C III) 167.45 150.48 144.81 67.72 169.04 182.53 
12(D III) 139.58 123.86 125.65 71.05 143.50 
13 (A IV) 82.80 70.36 75.17 84.22 77.98 75. 81 
14(B IV) 95.61 79.13 77.91 82.72 102.95 122. 46 
15 (C IV) 103.22 92.71 88.52 96.54 110.42 335. 46 
16(D IV) 114.60 90.28 91.55 118.33 
represent the difference between the highest and lowest values within a set 
of EPD values. The ranges of estimates by L2 were on the average less than 
the ranges of estimates by LI. The regression factor 0^/(0^ ) was 
usually smaller than nuh^/tA + (nj-l)h^]. This produced the smaller ranges. 
The ranges in MS were about the same as in L2. The MSI analyses produced 
the 3îïittH33u irâiigcS OiZ âxx Liié pi'Oc^uurcu. oy considering che inceraccion 
in addition to herds, the sire estimates were regressed closer to zero. 
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For RI, the estimates had ranges in general between LI and L2. Analyses 
by W produced EPD values of about the same range as LI. The range of 
335.46 for WR in data set 15 was due to one herd where a sire had very 
poor progeny. The within herd estimate for the sire was very negative. 
Therefore, when the multiplicative adjustment for herd level was applied, 
the final estimate for the sire was made even more negative. 
The ranges of the EPD values appear to be related to both the data 
structures and data models comprising the data sets. The interaction 
models used for generating sets 5-12 produced data from which the ranges 
of the sire estimates were larger than for the other two models. Struc­
tures A and B produced smaller ranges than structures C and D since half 
as many progeny were tested causing the estimates from A and B to be 
regressed closer to zero. 
Limits on the standard errors or prediction errors are given in 
table 7. Standard errors were about the same for estimates by LI, L2, MS 
and MSI across the data sets in which they were used. In RI, the standard 
error of a sire estimate where the sire had only 10 progeny was 49.30 and 
for 20 progeny was 34.86. The standard errors for estimates by W and WR 
were somewhat higher than for LI, L2, MS and MSI since the variance of R 
was added to the variance of the initial within herd estimate. 
The standard errors are useful on two counts. The first concerns 
statistical estimation. Usually the estimation procedure which produces 
the smallest sampling variances (standard errors) of unbiased estimates is 
chosen. In this manner, standard errors serve as a criteria for picking a 
procedure to use on data. The second count concerns the credibility 
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Table 7. Limits on standard errors of estimates 
1(A,I) 
3(C,I) 
5(A,II) 
6(B,II) 
7(C,II) 
8(D,II) 
10(B,III) 
11(C,III) 
12(D,III) 
13(A,IV) 
15(C,IV) 
Analysis procedure 
Data set LI L2 MS MSI RI W WR 
8.83 8.80 9.34 11.90 11.45 
24.46 20.14 20.75 49.30 22.94 
. 6.83 6.74 6.98 9.41 14.03 
^ / 24.12 19.85 20.41 49.30 26.48 
4.80 4.77 5.27 6.53 13.09 
19.60 17.10 17.49 34.86 22.51 
3.54 3.53 4.15 5.07 
I ' ' 22,18 18.28 18.48 49.30 
8.97 8.94 9.71 9.23 11.90 11.63 
24.84 20.46 21.33 19.95 49.30 23.31 
6.88 6.79 7.10 8.63 9.41 13.77 
24.29 19.99 20.75 21.16 49.30 25.99 
4.85 4.82 5.40 7.79 6.53 13.23 
19.81 17.29 17.93 20.41 34.86 22.75 
3.62 3.61 4.25 7.10 5.07 
22.68 18.69 18.96 19.91 49.30 
, 9.11 9.08 9.88 9.90 11.90 11.81 
^ / 25.23 20.78 21.97 20.64 49.30 23.67 
6.85 6.76 7.18 9.98 9.41 13,71 
24.21 19.91 21.00 21.93 49.30 25.88 
4.86 4.83 5.45 9.47 6.53 13,26 
19.85 17.32 18.08 21.70 34.86 22.80 
3.71 3.70 4.37 8.81 5.07 
23.24 19.15 19.48 20.62 49.30 
8.87 8.83 9.37 11,90 11,49 11,49 
24,53 20.21 20.83 49.30 23.03 23.03 
-iL(n TM\ 7-04 6.95 7.02 9.41 13.75 13.75 
I ' ' 24.26 19.97 20.52 49.30 25.95 25.95 
4.87 4.84 5.35 6.53 13.27 13.27 
15.SS 17.34 17.75 34.56 22,83 22.B3 
3.57 3,55 4.18 5.07 
16(D,IV) 22.34 18.40 18.61 49.30 
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assigned to the sire estimate published for cattle breeders to read and 
consider. Breeders may become confused if successive estimates, say one 
year apart, for a particular sire are more than one standard error apart. 
The standard errors on the RI estimates were large and would probably avoid 
these problems. These errors are dependent on numbers of progeny and 
their distribution across herds or groups. Getting the standard errors 
too high will also affect credibility. 
Of particular importance is how the estimates ranked sires compared 
to the true rank. If truncation selection is practiced on the sire EPD 
values for choosing which sire to use, the breeder assumes he is selecting 
a sire whose true transmitting ability ranks the same. The correspondence 
between the ranking of the estimates and true values was examined in two 
ways. The rank correlations were calculated between the true values and 
the EPD values and between the EPD values by the different estimation pro­
cedures. Also the agreement between the top 1 (1%), 5 (5%), 10 (10%) and 
20 (20%) was considered. A count was made of the number of times a sire 
was estimated to be in a designated percentage group of the true values. 
Tables 8, 9 and 10 show the counts for agreement between the top 5, 10 
and 20 sires. For the top 1, only procedure W used on data set 15 was able 
to identify the true top sire. For the top 5, there were no large differ­
ences between the analysis procedures. Data sets however, varied greatly 
in the count numbers. Sets 2, 5, 6, 10 and 14 had zero counts and four of 
these five were data structure B. This would be expected due to the nature 
o£ the data generation. Sets 6 and iù were generated by adding interaction 
effects to the records in set 2, and set 14 was generated by scaling some of 
57 
Table 8. Agreement between top 5 (5%) of EPD values and true values 
Analysis procedure 
Data set LI L2 MS MSI RI W m 
1 (A, I) 1 1 1 1 1 
2 (B, I) 0 0 0 0 0 
3 (C, I) 3 3 3 2 3 
4 (D, I) 3 3 3 3 
5 (A, II) 0 0 0 0 0 0 
6 (B, II) 0 0 0 0 0 0 
7 (C, II) 2 2 2 2 2 3 
8 (D, II) 2 2 2 3 2 
9 (A, III) 1 1 1 0 1 1 
10 (B, III) 0 0 0 0 0 0 
11 (c. III) 2 2 2 1 2 2 
12 (D, III) 2 2 2 2 2 
13 (A, IV) 1 1 1 1 1 1 
14 (B, IV) 0 0 0 0 0 0 
15 (C, IV) 3 3 3 2 3 3 
16 (D, IV) • 3 3 3 3 
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Table 9. Agreement between top 10 (10%) of EPD values and true values 
Analysis procedure 
Data set LI L2 MS MSI RI W WR 
1 (A, I) 4 3 3 4 3 
2 (B, I) 3 3 3 2 4 
3 (C, I) 5 5 6 5 4 
4 (D, I) 8 7 7 7 
5 (A, II) 2 2 4 4 3 3 
6 (B, II) 2 2 2 2 2 3 
7 (C, II) 3 4 5 5 3 3 
8 (D, II) 5 4 4 5 4 
9 (A, III) 1 2 2 3 1 1 
10 (B, III) 0 1 3 2 1 1 
11 (c. III) 4 5 4 6 4 3 
12 (D, III) 4 4 5 4 4 
13 (A, IV) 3 4 3 4 3 3 
14 (B, IV) 3 3 3 3 4 3 
15 (C, IV) 4 5 7 5 4 5 
16 (D, IV) 7 7 6 6 
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Table 10. Agreement between top 20 (20%) of EPD values and true values 
Analysis procedure 
Data ; sets LI L2 MS MSI RI W WR 
1 (A, I) 6 5 5 5 5 
2 (B, I) 8 8 9 8 8 
3 (C, I) 13 13 15 15 13 
4 (D, I) 14 14 14 14 
5 (A, II) 8 7 7 7 8 8 
6 (B, II) 10 10 8 9 10 10 
7 (C, II) 7 9 9 9 7 8 
8 (D, II) 13 13 13 14 12 
9 (A, III) 5 6 6 6 6 5 
10 (B, III) 6 7 6 6 6 7 
11 (c. III) 11 11 12 13 12 11 
12 (D, III) 11 11 11 11 10 
13 (A, IV) 7 7 5 5 . 6 7 
14 (B, IV) 8 8 9 8 8 9 
15 (C, IV) 13 13 14 15 13 13 
16 (D, IV) 14 14 15 14 
effects in set 2. Data sets 3, 4, 7, 8, 11, 12, 15 and 16 were all about 
the same and were all generated by structures C and D. 
For the top 10, there were no large differences between the analysis 
procedures. There did seem to be a tendency for the two mixed model 
analyses (MS and MSI) to have higher counts than the other analyses. Again 
differences between data sets were of greater importance. The top 20 group 
followed about the same pattern as the top 5. Analysis procedures were all 
about the same in their counts. Data sets by structures A and B were in 
general the lowest and C and D in turn the highest. In all three tables, 
data sets by structures C and D were with only one exception the highest 
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In their agreement counts. All nonreference sires In structure C had 20 
progeny and the same was true for almost all of the nonreference sires in 
D. For structures A and B, only 10 progeny represented each nonreference 
sire. 
The rank correlations within all the data sets are listed in the low­
er half of tables 11-26. The first column of each table contains the rank 
correlations between the true transmitting abilities and the EPD values by 
the analysis procedures. Across all the data sets, there was not a single 
analysis procedure which looked far superior to the others. For the data 
sets where a sire by herd interaction was intended (sets 5-12), procedure 
MSI did the best job in ranking the sires. This would be expected since 
this was the only analysis procedure which considered the Interaction. 
In data sets 13-15 (generated by model IV), method RI did a better job 
than HR. Procedures MS and RI did the best at ranking the sires over the 
16 data sets. Procedures LI and L2 did not do quite as well as MS and RI 
considering all the data sets. Whenever procedures W and WR were used, 
they usually did not rank the sires as well as LI and L2. 
Two general observations can be made from the rank correlation tables. 
The first is the lack of large differences between analysis procedures. 
The difference between the high and low rank correlation of true values 
and EPD values within data sets ranged from .01 to .06 except in data set 
15 where the difference was .12. The rank correlations between the esti­
mates by different analysis procedures were between .85 and 1.00 with most 
above .95. The second observation is the large differences between data 
sets in the rank correlations of the estimates and true values. The rank 
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Table 11. Correlations and rank correlations between true values and 
EPD values in data set 1 (A, I)^ 
True LI L2 MS RI W 
True .39 .39 .42 .43 .40 
LI .37 1.00 .98 .98 .99 
L2 .36 1.00 .98 .98 .99 
MS .41 .98 .98 1.00 .99 
RI .41 .98 .98 1.00 .99 
W w
 
0
9 
.99 .99 .98 .99 
^ Upper half contains correlations, lower half contains rank correlations. 
Table 12. Correlations and rank correlations between true values and EPD 
values in data set 2 (B, I) 
True LI L2 MS RI W 
True .50 .51 .51 .50 .46 
LI .47 1.00 .97 ,97 . .96 
L2 .48 1.00 .97 .97 .96 
MS .48 .95 .95 1.00 .91 
RI .47 .95 .95 1.00 .92 
W .45 .95 .95 .90 .90 
Upper half contains correlations, lower half contains rank correlations. 
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Table 13. Correlations and rank correlations between true values and 
EPD values in data set 3 (C, I)^ 
True LI L2 MS RX W 
True .76 .76 .79 .78 .73 
LI .75 1.00 00
 
.98 .99 
L2 .75 1.00 VO
 
00
 
00
 
.99 
MS .79 .97 .97 1.00 .96 
RI .78 00
 
.97 1.00 .96 
W .72 .99 .99 .95 .95 
^ Upper half contains correlations, lower half contains rank correlations. 
Table 14. Correlations and rank correlations between true values and 
EPD values in data set 4 (D, I)* 
True LI L2 MS RI 
True .82 .82 .82 .82 
LI .77 .99 .99 1.00 
L2 .77 1.00 1.00 .99 
MS 
00 
1.00 1.00 .99 
RI .77 1.00 1.00 1.00 
^ Upper half contains correlations, lower half contains rank 
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Table 15. Correlations and rank correlations between true values and EPD 
values in data set 5 (A, II) 
True LI L2 MS MSI RI W 
True .36 .35 .39 .40 .40 .37 
LI .34 1.00 .97 .97 .98 .99 
L2 .35 1.00 .98 .98 .98 .99 
MS .39 .97 .97 .99 1.00 .99 
MSI .40 .97 .97 1.00 .99 .99 
RI .39 .98 .97 1.00 1.00 .99 
W .36 .98 .98 .99 .99 .99 
^ Upper half contains correlations, lower half contains rank correlations. 
Table 16. Correlations and rank correlations between true values and EPD 
values in data set 6 (B, II) 
True LI L2 MS MSI RI W 
True .45 .46 .45 .45 .44 .42 
LI .40 1.00 .97 .94 .97 .97 
L2 .40 1.00 .97 .95 .97 .96 
MS .41 .95 .95 .99 1.00 .92 
MSI .40 .92 .92 .99 .99 .89 
RI .41 .95 .94 1.00 .99 .92 
W .39 .95 .95 .88 .85 .88 
^ Upper half contains correlations, lower half contains rank correlations. 
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Table 17. Correlations and rank correlations between true values and EPD 
values in data set 7 (C, II) 
True LI L2 MS MSI RI W 
True .61 .62 .64 .65 .63 .60 
LI .61 1.00 .98 .94 .98 .99 
L2 .61 1.00 .98 .95 .98 .99 
MS .63 .97 .97 .99 1.00 .96 
MSI .64 .93 .93 .98 .98 .92 
RI .63 .98 .98 1.00 .98 .97 
W .59 .99 .99 .95 .90 .96 
^ Upper half contains correlations, lower half contains rank correlations. 
Table 18. Correlations and rank correlations between true values and 
EPD values in data set 8 (D, II)* 
True LI L2 MS MSI RI 
True .63 .64 .64 .66 .64 
LI .56 .99 .99 .97 1.00 
L2 .58 1.00 1.00 .98 .99 
MS .58 1.00 1.00 .98 .99 
MSI .62 .98 .98 .99 .97 
RI .57 1.00 1.00 1.00 .99 
^ Upper half contains correlations, lower half contains rank 
correlations. 
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Table 19. Correlations and rank correlations between true values and EPD 
values in data set 9 (A, III)^ 
True LI L2 MS MSI RI W 
True .39 .39 .40 .41 .40 .39 
LI 
00 CO 
1.00 .98 .96 .98 .99 
L2 .38 1.00 .98 .97 .98 .99 
MS .39 .97 .97 .98 1.00 .99 
MSI .39 .97 .97 .99 .98 .98 
RI .39 .97 .97 1.00 .99 .99 
W .38 .98 .98 .99 .98 .99 
^ Upper half contains correlations, lower half contains rank correlations. 
Table 20. Correlations and rank correlations between true values and EPD 
values in data set 10 (B, III)^ 
True LI L2 MS MSI RI W 
True .23 .24 .24 .26 .22 .23 
LI .26 1.00 .97 .93 .97 .99 
L2 .27 1.00 .97 .93 .97 .99 
MS .26 .95 .96 .99 1.00 .95 
MSI .26 .91 .92 .99 CO
 
.91 
RI .24 .96 .96 1.00 .98 .95 
W .26 .98 .98 .95 .90 .95 
^ Upper half contains correlations, lower half contains rank correlations. 
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Table 21. Correlations and rank correlations between true values and EPD 
values in data set 11 (C, III)^ 
True LI L2 MS MSI RI W 
True .62 .62 .63 .63 .62 .60 
LI .62 1.00 .98 .91 .98 .99 
L2 .63 1.00 .98 .91 .97 .99 
MS .63 .98 .98 .97 1.00 .96 
MSI .64 .92 .92 .98 .96 .88 
RI .63 .98 .98 1.00 .97 .95 
W .60 .99 .99 .95 .89 .95 
^ Upper half contains correlations, lower half contains rank correlations. 
Table 12. Correlations and rank correlations between true values and 
EPD values in data set 12 (D, III)^ 
True LI L2 MS MSI RI 
True .56 .55 .55 .57 .57 
LI .53 .99 .99 .95 1.00 
L2 .54 1.00 1.00 .96 .99 
MS .54 1.00 1.00 .97 .99 
MSI .56 .97 .98 .98 .96 
RI .54 1.00 .99 .99 .98 
^ Upper half contains correlations, lower half contains rank 
correlations. 
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Table 23. Correlations and rank correlations between true values and EPD 
values in data set 13 (A, IV) ^ 
True LI L2 MS RI W WR 
True .40 .40 .42 .43 .40 .40 
LI .37 1.00 .98 .98 .99 .99 
L2 .37 1.00 .98 .98 .99 .99 
MS .41 .98 .98 1.00 .99 .99 
RI .41 .98 .98 1.00 .99 VO
 
vo
 
W .38 .99 .99 .99 .99 1.00 
WR .38 .99 .99 .99 .99 1.00 
^ Upper half contains correlations, lower half contains rank correlations. 
Table 24. Correlations and rank correlations between true values and EPD 
values in data set 14 (B, IV)^ 
True LI L2 MS RI W WR 
True .49 .51 .51 .49 .46 .46 
LI .47 1.00 .97 .97 .96 .94 
L2 .47 1.00 .97 .97 .96 .94 
MS .48 .95 .95 1.00 .91 .90 
RI . 46 .95 .95 1.00 .92 .89 
W .44 .96 .95 .90 .90 .98 
WR .44 .95 .95 .89 .89 .99 
^ Upper half contains correlations, lower half contains rank correlations. 
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Table 25. Correlations and rank correlations between true values and EPD 
values in data set 15 (C. IV)^ 
True LI L2 MS RI W WR 
True .76 .77 .80 .79 .74 .44 
LI .76 1.00 .98 .98 .99 .72 
L2 .76 1.00 .98 .98 .99 .72 
MS .79 .97 .97 1.00 .96 .70 
RI .79 .98 .98 1.00 .96 .72 
W .72 .99 .99 .95 .95 .75 
WR .67 .96 .96 .91 .91 .98 
^ Upper half contains correlations, lower half contains rank correlations. 
Table 26. Correlations and rank correlations between true values and 
EPD values in data set 16 (D, IV)^ 
True LI L2 MS RI 
True .82 .82 .82 .82 
LI .77 .99 .99 1.00 
L2 .77 1.00 1.00 .99 
MS 
00 
1.00 1.00 VO
 
vo
 
RI .77 1.00 1.00 1.00 
^ Upper half contains correlations, lower half contains rank 
correlations. 
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correlations were much lower for data sets of structures A and B than for 
structures C and D. The influence of number of progeny by nonreference 
sires was evident. The rank correlations were lower in the data sets 
generated by models II and III which had the sire by herd interaction in­
cluded. The 10% Interaction model hindered estimation of sire values more 
than the 5% interaction model as would be expected. 
The simple correlations within all data sets are listed in the upper 
half of tables 11-26. The first row of each table contains the correla­
tions between the true transmitting abilities and the estimates by the 
analysis procedures. The simple correlations and rank correlations be­
tween any set of EPD values and true values were about the same. This 
indicates that the EPD estimates and true transmitting abilities were both 
distributed approximately normally. The other rows contain the correla­
tions between the estimates by the different analysis procedures. The 
simple correlations between analysis procedures were all high (.88 to 1.00) 
except for procedure WR in data set 15. The large range of EPD values by 
WR in this data set lowered the correlations. The cause of this was ex­
plained earlier. Again there were no large differences evident between the 
analysis procedures. 
Differences between data sets influenced the correlations between EPD 
values and true values. The correlations were lower for the data sets gen­
erated by the interaction models II and III. Sets representing structures 
C and D had much larger correlations than the sets generated according to 
5î:ructui'êS A âud 5. Nonreference sires in A and b had only 10 progeny, 
however nonreference sires in C had 20progeny and usually 20 in D also. 
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There were also different numbers of reference sires and numbers of 
progeny per reference sire within a herd. 
There are three comparisons of importance in the correlations and 
rank correlations between the true transmitting abilities and the EPD val­
ues. These are the comparisons between analysis procedures, between data 
models and between data structures. 
There was really little difference between the analysis procedures. 
This can be seen in the first row and first column of tables 11-26. This 
result was surprising considering the structures and models used in gen­
erating the data. Procedure MSI, although it did do the best job, was 
only slightly better in its ability to estimate EPD values than the other 
procedures in the interaction data sets. When the structure of these data 
sets where usually any one sire had progeny in only one herd and that an 
interaction was built into these data sets is considered, a procedure 
which absorbs or accounts for the interaction would be expected to give 
higher correlations with the actual values than procedures which ignore 
the interaction. Such was not the case in this study. Whether sires were 
considered random (procedure MS) or considered fixed and then regressed 
for numbers (procedures LI and L2) made little difference, also. Procedure 
RT used ratios in the solution and the ratios were then converted to devi­
ations for the EPD values. The ability of this procedure was not different 
from procedures using deviations throughout their calculations. 
The correlations and rank correlations between the true values and 
EPD vàluéâ averaged over analysis procedures but arranged by model and 
data structure are shown in tables 27 and 28. In this way, the large dif­
ferences between models and data structures can be seen. 
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Table 27. Mean correlations between true values and EPD values 
Model 
Structure I II III IV 
A .41 .38 .40 .41 
B .50 .45 .24 .49 
C .76 .63 .62 .77 
D .82 .64 .56 .82* 
* Does not Include WR correlation. 
Table 28. Mean rank correlations between true values and EPD values 
Model 
Structure I II III IV 
A .39 .37 .39 .39 
B .47 .40 .26 .46 
C .76 .62 .63 .76 
D .77 .58 .54 .77* 
* Does not include WR rank correlation. 
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The model which describes sire evaluation data best is not a known 
fact. Model I was a simple case where the average contribution of a sire 
is the same in any herd. Estimation of sire EFD values should be optimum 
under model I compared to models II, III and IV. No big differences were 
found between the correlations in the data using models I and IV. Even 
though model IV data was generated with a scaling effect, the procedures 
were robust enough to handle the scaling effect in this study. The inter­
action model data had lower correlations. This was especially true in 
data structures B, C and D. The presence of a sire by herd interaction 
(as small as 5%) reduced the ability of the procedures to estimate EPD 
values in this study. Host of the sires in each structure had progeny in 
only one herd, so the effect of a sire used in only one herd is confounded 
with the sire by herd interaction effect. If an important interaction ex­
ists in real data, sires will need to have progeny in many herds in order 
to obtain accurate measures of sire merit. 
The large differences between data structures can be attributed to 
the number of progeny by sires. Structure A had 10 progeny by each non-
reference sire and they were compared against 2 or 3 progeny from each ref­
erence sire used in the same herd. The number of reference sires in a herd 
ranged from 5 to 10. Structure B had 10 progeny by each nonreference sire 
and from 5 to 15 progeny by each reference sire in the same herd. Two of 
the four reference sires were represented in any one herd. The total num­
ber of reference sire progeny was the same for any particular herd size in 
both A and B. Correlations in structure B were higher than in A, except 
for model III. With the same total number of reference sire progeny, fewer 
73 
reference sires (B versus A) with more progeny each appears to give a 
better structure. The optimum design would be to have only one reference 
sire. Structure C had twice the number of progeny for nonreference and 
reference sires as structure B. The larger numbers of progeny increased 
the accuracy with which the procedures could estimate the sire values. 
Most of the nonreference sires in D had 20 progeny (like C), except for a 
few sires having only 10 progeny. The big difference between C and D was 
the number of reference sire progeny. In C, number of progeny ranged from 
10 to 30, but in D, number of progeny ranged from 10 to 75 per reference 
sire in a herd. Nondesigned data which may arise in breed programs may 
not have as many progeny per reference sire as D in this study. Nearly 
twice the total number of calves (7280 versus 3200) were necessary for 
data structure D as C, but the correlations were only slightly higher. 
This suggests a savings in total calves used in sire evaluation by using a 
designed structure. However, if the data are available anyway, this point 
is not at issue. 
Using selection index theory, the theoretical expected correlation for 
each of the data structures can be ascertained. This is done by consider­
ing the nivaiber of progeny by a nonreference sire and assuming that all the 
progeny in a data structure are in the same herd. The index is I = b(S-D) 
where S = the progeny mean of a nonreference sire, D = the progeny mean of 
all the data assuming that D is measured without error and b = nh^/[4+(n-l)h^ ] 
where n is the number of progeny by a nonreference sire. The accuracy or 
expected correlation between I and H = the transmitting ability of the sire 
is r^g = {nh^/[4 + (n~l)h^]}^. For structures A and B, the expected corre­
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lation is .73, and for C and D, it is .83. The average correlations in 
model I for structures C and D were .76 and .82, respectively. These are 
reasonably close to the expected. However, the mean correlations in model 
I of .41 and .50 for A and B were not close to the expected. 
Reference sires were used in the data structures to tie the herds 
together. Structures A and B had fewer progeny by reference sires than C 
and D. Due to fewer reference sire progeny, structures A and B were not 
able to tie herds together as well as C and D. Structure B had more prog­
eny per reference sire than A and did a better job. Evidently the number 
of progeny by nonreference sires and the number of progeny by reference 
sires and the heritability of the trait are all involved in the expected 
correlation. The procedures to estimate the EPD use means with considera­
tion of the number of progeny. The EPD is estimated as a deviation from 
the reference sire mean, and the reference sires are the base point for 
all sires. The EPD can be roughly expressed in an index form as I = S - RS, 
where S is the progeny mean of a nonreference sire and W is the progeny 
mean of a reference sire in the same herd. The value I is intended to 
predict the value H = Tg , where Tg is the transmitting ability of the non-
reference sire. The expected correlation between I and H is as follows: 
Cov(I, H) 
[V(I) V(H)1 
1/4,2 
"N n. R 
J 
75 
l/4h2 
1 + (n^-Dkh^ 1 + (ng-l)%h2 
(22) 
where 
(Tg = variance of breeding values, 
= phenotypic variance, 
h^ = o^/o^ = heritability, 
G p 
n^ = number of progeny by a nonreference sire and 
n^ = number of progeny by a reference sire in a herd. 
The covariance and variances are as follows: 
Cov(I,H) = Cov(? - Tg) 
= Cov(S, Tg) 
= 1/40% , 
V(I) = V(? - RS) 
= V(S) + V(^) 
n + 
= 
(n^-Dkih^i rl+(n^-l)W' 
+ a and 
V(H) = V(Tg) 
= 1/40% . 
The r^^ value can be used to compare the relative accuracies of data 
designs when the number of progeny by a nonreference sire (n^) is constant 
and the same is true for the number of progeny by a reference sire (n ) in 
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a herd. The r^^ values for nonreference sires used in small herds (only 
1 nonreference sire) and large herds (5 nonreference sires) for a trait 
with heritability of .40 are as follows for designs A, B and C: 
A small: n^ = 10 
large: n^ = 10 
B small: n^ = 10 
large: n^ = 10 
C small: n^ = 20 
large: n^ = 20 
"R = ^ • -IH 
= 3 , r„, = .41 
rjg = .37 
IH 
= 5 . rjH - .46 
=15 , rjH = . 53 and 
°R =10 • = •" 
"E =30 , rjg = .60 . 
The correlations above calculated by equation (22) represent the expected 
correlations between EPD estimates and true transmitting abilities. The 
validity of equation (22) may be in question, and further work is needed 
in considering the accuracy of designs for sire evaluation. 
The correlations between true value and EPD value in the data sets by 
structures (designs) A and B agree with the expected correlations. The 
correlations in data set 10 were quite a bit lower than the expected, but 
this data set was generated with the 10% interaction model which hampers 
the reference sire comparisons. The expected correlation in structure C 
was a lot lower than the correlations that were found between the estimates 
and true values. 
In choosing an analysis procedure to use on data, the ability of a 
computer to do the job must be considered. Both the amount of memory space 
required and the time required to do the analysis should be considered. 
Procedures LI, L2, MS and MSI require matrices with dimensions dependent on 
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the total number of sires evaluated. Solutions from these four procedures 
via matrix inversion become impossible when the number of sires are large. 
The limiting number is dependent on the specific capabilities of a compu­
ter. Iterating the solutions to equations can overcome this. Matrix 
inverse iteration rather than direct matrix inversion is also a possibil­
ity. Procedures RI, W and WR do not require manipulations with large 
matrices for their solutions. 
Cost of computer time may be a limiting factor. The analyses in 
this study were run on an IBM 360/65. The amount of time required relative 
to the RI procedure on data sets of equal size were 2.5 for MS and MSI, 
2.0 for LI and L2, 1.5 for W and WR and 1.0 for RI. These comparative 
values may be different when using a different machine. 
The ideas presented in the rest of this section may offer some help 
in evaluating sires as more knowledge is gained concerning what influences 
sire evaluation data. If there is some sire by environmental-component 
interaction which is linear in expression, then the following ideas may 
merit consideration as a possible addition to sire evaluation. 
Eberhart and Russell (1966) described the use of stability parameters 
for comparing the performance of a variety of corn over a series of envi­
ronments. They used the model I^ + 6^^ where = mean of 
the jvariety in the i^^ environment, variety mean over all 
environments, 3^ = regression coefficient that measures response of 
variety in varying environments, I^ = the environmental index and 5^^ = 
deviation from regression of the variety in the i*"" environment. In 
their paper, Eberhart and Russell used as an environmental index the mean of 
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all varieties at that environment minus the overall mean. They pointed 
out that an index independent of varieties and obtained from environmental 
factors such as rainfall, temperature and soil fertility would be desirable. 
By working with the means, the sum of squares for varieties by 
environments could be partitioned into environments (linear), varieties by 
environments (linear) and deviations. The Ëy's were estimated subject to 
the restriction 3 = 1.0 . Each was the stability parameter for each 
respective variety. If =1.0 , the yield of the variety is about the 
same with respect to the mean of the other varieties at each environment. 
If 3j> 1.0 , the variety should be used in the better environments, and if 
3j< 1.0 , the variety is recommended only for use in poor environments. 
In studying data from sire evaluation programs, it may be found that 
there does exist a linear interaction between the progeny of a sire and 
some environmental index. This index may be for average annual temperature, 
average annual humidity, TDN level of feedlot ration or some other measures, 
or the index may be a combination of environmental factors. Additional in­
formation on a sire could be included by estimating another value like a 
stability parameter for that sire in addition to the EPD value. This would 
require that all sires have progeny in herds covering a wide range of envi­
ronmental indexes. A possible model to handle this situation could be the 
same one put forth by Eberhart and Russell; i.e., + 3^1^ + 6^^ 
where Y^^ = EPD value of the sire in the i^^ environment. 
The usefulness of this parameter can be seen in an example. If semen 
from the sires is priced relative to their EPD values, a breeder may not be 
able to afford any of the top sires. Looking at the next best sires, the 
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breeder may consider the stability parameter in addition to the EPD for 
picking the bull. If the environmental index for the herd of the breeder 
is low, he may wish to choose a sire with g<1.0 among the best EPD bulls 
in his price range. 
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SUMMARY 
The ability of seven analysis procedures to estimate sire EPD values 
was examined in sixteen simulated data sets. The data sets were the com­
binations of four data structures with progeny generated by four models. 
Simple correlations and rank correlations between true transmitting abil­
ities and estimated EPD values within a data set were used for comparing 
the analysis procedures, data structures and models. 
Differences in either the rank or simple correlations between true 
transmitting ability and EPD values by the procedures were found to be 
small in the data sets in this study. The MS (mixed model) and RI (ratio 
iteration) procedures did have the highest correlations and rank correla­
tions overall for the different data structures and models. The MSI 
(mixed model with interaction) procedure was best in the data sets with an 
interaction, but the other procedures did about as well. The RI method 
required much less internal storage in a computer and the solutions were 
completed faster than for the MS method. Alternative routines to solve 
the equations in MS such as iteration.with only one equation held internal­
ly in the machine at a time would reduce the storage requirements. Possibly 
the main criteria by which to select an analysis procedure are the theoret­
ical properties of the procedure. Then the mixed model analysis would be 
the procedure of choice. 
The procedures were as effective on the data generated by the scaling 
effects model (IV) as on the data generated by the simple linear Tr.cdcl (I). 
The procedures were robust enough to handle a simple mean and variance re­
lationship. The ability of EPD values to estimate the true values was low­
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er in the data generated by the 5% interaction model (II). Agreement was 
lower yet in the data from the 10% interaction model (III). The model 
which more nearly explains the real data will need to be explored as the 
data becomes available. If an interaction does exist, none of the data 
structures examined in this study provide an adequate means of sire eval­
uation. Sires must then be evaluated in many herds. 
Differences between data structures had a large effect on the ability 
of estimated EPD values to predict transmitting ability. Numbers of prog­
eny by nonreference sires and by reference sires within herds were the 
reasons for this. Structure D was intended to represent possible field 
data that could be available for sire evaluation. The average number of 
progeny per sire was largest here, so the procedures did their best in 
this structure. Structures A, B and C were intended to represent data 
which might arise from designed sire evaluation programs. Structure C had 
more progeny from each nonreference sire and reference sire within a herd 
than A and B. Structure B had more progeny from each reference sire within 
a herd than A, and fewer reference sires were used in a herd. In the de­
signed structures, the procedures did the best in C and the poorest in A. 
Approximate simple or rank correlations between the EPD and true values 
were .40 for A, .50 for B, .75 for C and .80 for D. 
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